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Abstract. The lightest neutralino in supersymmetry is the most studied dark matter candidate. This writeup reviews the status
of neutralino dark matter in minimal and nonminimal supersymmetric models in light of recent null results at the XENON100
experiment and the observation of a 130 GeV gamma ray signal from the Galactic Center by the Fermi LAT.
INTRODUCTION
Although the identity of dark matter remains a mystery, the lightest neutralino in supersymmetry, when also the
lightest supersymmetric particle (LSP) protected by R-parity, is the most studied dark matter candidate. The possible
experimental signatures of the neutralino have been studied extensively, and parts of the most reasonable parameter
space in supersymmetry predict positive signals in one or more of the current experiments. There are three traditional
approaches to studying dark matter interactions: direct production at colliders, direct detection of dark matter scattering
off atomic nuclei, and indirect detection of dark matter decay or annihilation products in the solar neighborhood. In the
past few years, experiments on all three fronts have begun to probe regions of parameter space where supersymmetric
dark matter predicts positive signals, hence the picture of supersymmetric dark matter has been changing rapidly.
On the collider front, the Large Hadron Collider (LHC) has found no missing energy signatures predicted from dark
matter; however, it has unearthed a 126 GeV Standard-Model-like Higgs boson, which has strong implications for
minimal and nonminimal models of supersymmetry [1]. Among direct detection experiments, the best upper bounds
on the cross section of elastic, spin-independent dark matter-nucleon scattering in the 10 GeV - 1 TeV mass range
come from the XENON100 experiment [2, 3]. There has been greater excitement on the indirect detection front,
where a sharp feature at an energy of approximately 130 GeV in the gamma ray spectrum towards the Galactic Center
in the data gathered by the Fermi Large Area Telescope (LAT) [4, 5] holds the possibility of having its origin in dark
matter. This writeup discusses the implications of these experimental results on the viability of neutralino dark matter.
It should be pointed out that there exist many other strong constraints on supersymmetric dark matter that will not be
covered in this writeup.
THE FERMI 130 GEV SIGNAL IN SUPERSYMMETRY
Several analyses [5] have recently confirmed the presence of a sharp feature at an energy of approximately 130 GeV in
the gamma ray spectrum towards the Galactic Center in the data gathered by the Fermi Large Area Telescope (LAT).
Although the significance of this signal has since then decreased, it is still of considerable interest, since such a feature
has long been earmarked as a “smoking gun" signature of dark matter annihilation in the galaxy.
Assuming a dark matter origin, the signal is best fit by a 130 GeV dark matter particle pair-annihilating into photons
with an annihilation cross section of 〈σv〉γγ = 1.27× 10−27cm3s−1, assuming an Einasto profile for the dark matter
distribution [4]. Since dark matter is not expected to couple directly to photons, annihilation to a photon pair must
occur via a loop; for a thermal relic, this loop-suppressed cross section is generally too small to produce the signal
observed by Fermi. Second, even if this cross section can be made large enough, tree-level annihilation to particles that
mediate the photon pair production process should produce a large continuum of photons at lower energies, which is
not seen in the Fermi data. These considerations have been shown to rule out neutralino dark matter as an explanation
of this line signal [6, 7].
A monochromatic line signal, however, is not the only possibility that can explain this feature; it is well-known
that internal bremsstrahlung (hereafter IB) – the production of a photon in conjunction with the leading annihilation
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channel into charged particles – can also give sharp spectral features in the γ ray spectrum close to the dark matter
mass [8]. This section will explore this possibility, and is based on [9] (see also [10] for a similar study).
Internal Bremsstrahlung from Neutralino Dark Matter
The IB component from neutralino annihilation is known to be the most prominent when annihilation is into particles
that are effectively massless relative to the neutralino, and the virtual particle that mediates the process is close in
mass to the neutralino [8]. Since the W and Z gauge bosons are massive final states for a neutralino of mass around
130-150 GeV, IB from wino or Higgsino dark matter does not produce a feature sharp enough to explain the Fermi
observation, despite the presence of a degenerate chargino to mediate its annihilation; this has been verified explicitly.
IB from bino dark matter, on the other hand, is more promising. The main annihilation channels for a bino are to
fermion pairs, mediated by the corresponding sfermions. For nonrelativistic annihilation in the halo, the cross section
for this process is helicity suppressed by a factor of (m f /mχ)2; since the top quark is heavier than the dark matter mass
of interest here and all other SM fermions are O(GeV) or lighter, this suppression is of several orders of magnitude,
and acts as an efficient mechanism to suppress the continuum photon production. The addition of a photon in the
final state, on the other hand, lifts this helicity suppression, and σv(χχ → f¯ f γ) can be comparable to σv(χχ → f¯ f ).
Since fermions and sfermions couple to the bino via hypercharge and leptons have larger hypercharge than quarks
(also, sleptons are generally lighter than squarks), IB primarily involves leptonic channels, with light sleptons a crucial
element to enhance the signal.
Figure 1 shows the total number of photons from IB in the signal region, and the dependence on the slepton-
neutralino mass difference from a scan over bino dark matter and light sleptons1. The interested reader is referred
to [9] for details of the scan. The figure [left] shows that dark matter contributes O(few) photons, peaking at ∼ 13
photons around mχ ≈ 145GeV, in the given energy range (the Fermi data set contains 24 photons in this region).
The occurrence of the peak at this energy is understandable: for mχ ≈ 145 GeV, the γZ channel gives monoenergetic
photons at Eγ = mχ(1−m2Z/4m2χ) ≈ 130 GeV, which can be sizable even with a tiny wino/Higgsino component.
Meanwhile, the peak of the IB feature still falls mostly into the 121.62 GeV to 136.40 GeV range (recall that the best
fit for a purely IB signal occurs for mχ ∼ 150 GeV); hence both IB and the γZ line are at ideal energies to contribute
towards the signal. As the mass changes away from this ideal value, either the IB peak or the line contribution is lost,
and the signal dies down. The figure on the right confirms that the photon count gradually rises as the sleptons become
more degenerate in mass with the neutralino, as is expected of IB.
FIGURE 1. The total number of photons in the 121.62 GeV to 136.40 GeV energy range from dark matter annihilation, as a
function of dark matter mass (left) and slepton-neutralino mass difference (right), for a scan over primarily bino candidates. Points
with thermal relic density calculated to be in the range 0.1 ≤ Ωh2 ≤ 0.124, making them consistent with relic density constraints,
are shown in black.
1 In addition to the IB, the Inverse Compton Scattering contribution from dark matter annihilation was estimated using a semi-analytic formalism
described in [11], and was found to be negligible.
Benchmark Points and Fit to Data
This section discusses four benchmark points (labelled BM1, BM2, BM3, and BM4) that are representative of the
scanned sample, and their fits to the Fermi signal. These points are listed in Table 1, with other relevant information,
while the resultant fits are shown in Figure 2. The interested reader is referred to [9] for details of the fit procedure.
TABLE 1. Four benchmark points chosen for detailed study
and fit to Fermi data, and fit results. All masses are in GeV. nγ
refers to the number of photons contributed to the 121.62 GeV
to 136.40 GeV energy bin.
BM1 BM2 BM3 BM4
M1 135.2 144.7 145.6 138.2
M2 235.5 152.8 150.4 161.2
µ -489.9 838.4 783.0 512.9
tanβ 18.5 6.6 33.2 20.5
ml˜ 136.7 156.6 146.7 138.5
mχ 134.4 143.0 144.7 136.4
bino fraction 0.99 .90 0.91 0.97
Ωh2 0.19 .0058 0.0033 0.11
nγ from IB 4.8 1.8 4.5 14.7
nγ (γγ+ γZ) 2.0 5.1 5.2 4.4
TS 15.8 – – 17.8
significance 4.0 – – 4.2
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FIGURE 2. Fermi data from the inner 3◦ of the Galactic Center for all 128 energy bins (blue dots, as listed in Appendix A of [6])
and the gamma ray spectra from dark matter (green) for the four benchmark points BM1, BM2 (top row), BM3, and BM4 (bottom
row). The black curves for BM1 and BM4 represent the overall fit to the signal, consisting of a single power law background in
addition to the dark matter signal; BM2 and BM3 saturate the continuum at lower energies and do not allow such fits.
BM1 is an almost pure bino that contributes dominantly via IB, with the continuum almost nonexistent and the
almost degenrate sleptons making the IB component very prominent. BM2 improves on BM1 by introducing a 10%
wino admixture to the neutralino, opening up significant contributions from the γZ line, but at the cost of continuum
photons. BM3 combines the virtues of both BM1 and BM2: sleptons degenerate with the neutralino lead to a sharp
IB feature, while a small wino admixture contributes a prominent γZ line signal, resulting in a relative abundance of
photons in the right energy bin. BM4 represents a fit achieved by enhancing the dark matter signal by an additional
factor of 3, and could correspond to some astrophysical enhancement such as a steeper dark matter profile at the
Galactic Center or substructure along the line of sight towards this region, resulting in a significantly better fit. It should
be stressed that these were chosen to highlight distinct features of signals that are possible with internal bremsstrahlung,
and are not the points that best fit the data.
NATURALNESS IMPLICATIONS OF XENON100 RESULTS
Next, we turn to the theoretical implications of the null XENON100 results[2, 3] on various models of supersymmetry.
While the minimal supersymmetric standard model (MSSM) is the simplest and most studied version, the LHC
discovery of a 126 GeV Higgs is more naturally realized in the Next-to-Minimal Supersymmetric Standard Model
(NMSSM), and its variant, λ -SUSY [1]; hence we focus on these three models in this section. In particular, direct
detection cross-sections are studied in the context of the amount of fine-tuning in electroweak symmetry breaking
(EWSB). Details of how this fine-tuning is calculated in various models is described in [12, 13]; for the purpose of
this writeup, it suffices to note that large values of the µ parameter correspond to greater fine-tuning in EWSB.
MSSM
Ignoring squark mediated processes, which are likely subdominant, the direct detection cross section of neutralinos
scattering off nuclei in the MSSM is mediated by the two CP-even Higgs bosons h and H. In the mass basis, the
neutralino-neutralino-Higgs couplings have the form
χ˜0χ˜0h : (gZχ2−g′Zχ1)(cosαZχ4+ sinαZχ3) (1)
χ˜0χ˜0H : (gZχ2−g′Zχ1)(sinαZχ4− cosαZχ3) . (2)
where χ˜01 = Zχ1B˜+Zχ2W˜
3+Zχ3H˜0d +Zχ4H˜. If the χ˜
0χ˜0h is of its natural size (i.e. no accidental cancellations or small
mixing angles are present), the direct detection cross section from t-channel Higgs exchange is of order (a few)×10−44
cm2 or above. Barring accidental cancellations, the only way to obtain a smaller cross section is to suppress this
coupling by choosing the LSP to be an almost pure gaugino or Higgsino, which is precisely what is seen in Fig. 3
[left]. The interested reader is referred to [12] for details of the scan used to produce the plots in this subsection.
FIGURE 3. Left: Direct detection cross section vs. Higgsino fraction of the neutralino. Right: Direct detection cross section
vs. EWSB fine-tuning, for gaugino-like neutralino. Cyan, green and red points correspond to the dark matter particle mass in the
intervals [10,100), [100,1000), and [1000,104] GeV, respectively. The cyan, green and red lines show the analytic lower bound (see
[12]) with MLSP = 10,100,1000 GeV, respectively. Real, positive values of the MSSM parameters are assumed.
It is well-known that a pure Higgsino dark matter candidate needs to be at the TeV scale to have the correct relic
density [14]. This requires the µ parameter to be at the TeV scale, introducing sub-percent level fine-tuning in EWSB.
In the opposite regime, that of gaugino-like neutralino, the cross section can only be reduced by reducing the Higgsino
admixture in the LSP, and the only way to achieve this is to again raise µ . Therefore lower cross-sections must be
correlated with greater fine-tuning in EWSB, which is seen in Fig. 3 [right] (see also [15] for similar studies).
When the parameters are allowed to take on negative or complex values, the cross section can be small due to
accidental cancellations among different terms in the cross section, which destroys the correlation between cross
section and EWSB fine-tuning seen in Fig. 3 [right]. However, such cancellations are themselves fine-tuned (see [12]),
and removing points with such accidental cancellations again restores the correlation. The direct detection cross section
vs. dark matter mass with and without points with such accidental cancellations is shown in 4, with various degrees of
EWSB fine-tuning color-coded.
FIGURE 4. Left panel: Direct detection cross section vs. dark matter particle mass, for gaugino-like neutralino. Red, green
and cyan points correspond to EWSB fine-tuning in the intervals (0,10); [10,100); and[100,1000], respectively. Right panel:
Same, with points with accidental cancellations in cross section removed. Current and projected XENON bounds (top to bottom:
XENON100(2011), XENON100(2012) (earlier projection), XENON1T) are superimposed.
NMSSM and λ -SUSY
Compared to the MSSM, the NMSSM and λ -SUSY contain an additional singlet superfield. The fermionic compo-
nent of this superfield contributes an additional neutralino, the singlino, that can mix with the four MSSM neutralinos,
while the scalar can mix with the CP-odd Higgses and provides an additional mediator for direct detection cross sec-
tions. In addition, to make a 126 GeV Higgs natural in these models, a large singlet-doublet superpotential coupling λ
is required. While λ < 0.75 in the NMSSM, it can be as large as 2 in λ -SUSY.
It is instructive to again study the LSP-Higgs coupling, which feeds into the direct detection cross-section. In these
models, this coupling is given by
g(hiχ˜01 χ˜
0
1 ) =
λ√
2
(sHd nH˜unS˜ + sHunH˜d nS˜ + sSnH˜unH˜d )−
κ√
2
sSnS˜nS˜
+
g1
2
(sHd nB˜nH˜d − sHunB˜nH˜u)−
g2
2
(sHd nW˜0nH˜d − sHunW˜0nH˜u) , (3)
where sα and nβ denote the relevant components of the i-th Higgs mass eigenstate (i = 1 . . .3) and the lightest
neutralino, respectively. The final line represents the MSSM coupling and, as in the MSSM, this contribution leads to
a large cross section if the LSP is gaugino-higgsino. In addition, in first term, the λ coupling is required to be large in
order to naturally give a 126 GeV Higgs, hence a singlino-higgsino LSP also results in a large cross section. A pure
Higgsino is again required to be heavy from relic density considerations, and therefore fine-tuned. Higgsino-singlino
mixing occurs through the λ coupling and is therefore significant, hence a pure singlino requires the Higgsinos to
be very heavy to suppress this mixing, which again leads to fine-tuning. Gauginos and gaugino-singlino mixtures are
also fine-tuned from the same requirement of needing to raise the Higgsino masses. In this way, all possibilities lead
to either large cross sections or large fine-tuning. This correlation is demonstrated in scans for both the NMSSM and
λ -SUSY in Figure 5; for details of the scan, the reader is referred to [13]. As in the MSSM, points with accidental
cancellations in cross section have been discarded.
FIGURE 5. Direct detection cross section vs. EWSB fine-tuning, in the NMSSM (left) and λ -SUSY (right). The lines represent
approximate lower bounds.
Figure 6 plots the cross section as a function of the dark matter mass against the current and projected XENON
bounds for both models. In both Figure 5 and 6, it is seen that the amount of fine-tuning is generally lower for λ -
SUSY compared to the MSSM; this is one of the attractive features of λ -SUSY, coming from the large value of λ ,
which improves EWSB fine-tuning by a factor of roughly (λ/g)22. As a consequence of this, while the most natural
points (fine-tuning<10) in the NMSSM are in tension with the XENON100 constraint, parts of this region are still
below the XENON100 bound in λ -SUSY. However, the XENON1T projected bound should probe both models to
percent-level fine-tuning.
XENON100 (2011) 
XENON100 (2012) 
XENON1T 
XENON100 (2011) 
XENON100 (2012) 
XENON1T 
FIGURE 6. Direct detection cross section vs. LSP mass, in the NMSSM (left) and λ -SUSY (right). Red, green, cyan and
yellow points correspond to EWSB fine-tuning in the intervals (0,10); [10,100); [100,1000), and > 1000, respectively. Points
with accidental cancellations are discarded. Lines denote XENON bounds and projections
CONCLUSIONS
The Fermi 130 GeV gamma ray signal is inconsistent with neutralino annihilation into two photons; however, internal
bremsstrahlung from bino dark matter with nearly degenerate sleptons was found to provide a viable mechanism to
explain the signal, with a very efficient suppression of the problematic continuum, albeit with all parameters stretched
to their very limits. On the direct detection front, low direct detection cross sections were found to be correlated with
greater fine-tuning in EWSB (at tree-level) in the MSSM, NMSSM, and λ -SUSY. The most natural points (fine-tuning
2 See [13] and references therein for more detail. On the other hand, large λ now incurs fine-tuning with respect to the Higgs data, see [16] and
references therein.
<10) in the MSSM and the NMSSM are in some tension with the XENON100 bound already, whereas λ -SUSY
remains more natural. XENON1T is projected to probe all models down to percent level tuning. Neutralino dark
matter, therefore, continues to proceed into a rapidly evolving era.
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